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as a reinforcing agent embedded in a matrix of hemicelluloses and lignin, forming a 
nanocomposite material. Manmade nanocellulose reinforced composites began to receive 
attention approximately two decades ago when isolation methods for nanocellulose were 
developed. However, studies on the deformation of these novel materials have been limited. 
The effect of the composites’ preparation method on the mechanical properties was 
investigated and compared with theoretical models. Deformation mechanisms in composites 
reinforced with low weight fractions of different types of nanocellulose were investigated along 
with the effects of acetylation. Then the stress-transfer and micromechanics of composites 
reinforced with higher weight fractions of nanocellulose were studied using Raman 
spectroscopy. Finally, the effect of nanocellulose on thermomechanical properties of the 
composites and their behaviour in moist environment were addressed. 
The results show that the preparation method has an inﬂuence on the ﬁnal mechanical  
properties of composites. Degassing of the nanocellulose/polymer mixture showed a positive 
effect on the Young’s modulus and tensile strength at lower weight fractions of nanocellulose 
due to the lower viscosities of the mixtures. However, degassing had no effect on the density of 
the composites. Chemical modiﬁcation signiﬁcantly improved the dispersion of nanocellulose  
in non-polar media as Raman imaging revealed. In turn, the mechanical properties and 
deformation of the composites was different with respect to the degree of substitution. The 
toughening of poly(lactic) acid by the addition of low weight fractions of nanocellulose was 
attributed to extensive polymer crazing which was also dependent on the morphology and 
degree of substitution of the nanocellulose. Using Raman spectroscopy it was shown that the 
deformation micromechanics at high weight fractions of nanocellulose are network dominated. 
This leads to a stress transfer mechanisms similar to a composite within a composite, where 
composite strength is dependent on stress transfer within the dense network. The mechanical 
properties of the composites were improved as well as the glass transition temperature. The 
crystallization behaviour and, in turn, crystallinity of the composites was observed to be 
impeded at large weight fractions of nanocellulose. Furthermore, the composites had better 
mechanical properties in humid environments compared to the pure PLA matrix and the pure 
nanocellulose ﬁlm. Thus embedding of hydrophilic ﬁbrils in a hydrophobic matrix improves  
the performance of these materials in humid environments. 
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1 INTRODUCTION AND OUTLINE OF THE STUDY 
 
As the world population is gradually increasing there is a need to tackle ecological 
problems resulting from our enormous energy consumption and growing amount of 
wastes.  
The production of plastics has been rising, by on average 9 %, annually since 1950 
and in 2009 reached 230 million tonnes worldwide (Fig. 1). The greatest share of 
plastics is used in packaging (40 %) followed by the construction and building 
industry which accounts for 20 % of annual consumption (PEMRG Plastics Europe 
market research group 2010).  
 
 
Figure 1. World and Europe plastics production 1950 – 2009 (PEMRG Plastics Europe 
market research group 2010). 
 
The  raw material  for  most  plastics  is  crude  oil  and  accounts  for  4  -  5  % of  total  
crude oil consumption and other 4 - 5 % is converted into energy for their 
production (Stevens 2001). In addition, the degradation time of synthetic 
petroleum-based plastics may be several hundred years, which can result in 
ecological disasters such as the “Great Pacific Garbage Patch” which is made up 
mainly of plastic junk and which is twice the size of the United States and is 
floating in the Pacific Ocean (Fig. 2). 
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Figure 2. The Great Pacific Garbage Patch (Marks and Howden 2008). Reprinted with 
permission from The Independent. 
 
This problem can be tackled through the greater use of renewable bio-based 
materials in everyday life. Humankind has been learning from nature and 
mimicking it for thousands of years, mostly intuitively. Wood is probably the most 
abundant natural material that has been used for thousands of years commercially. 
It is a nanocomposite where cellulose fibrils are embedded in a matrix of 
hemicelluloses and lignin. These fibrils, when isolated from the macrostructure of 
plants, are referred to as micro or nanocellulose (NC) depending on the width of 
fibrils. Furthermore, based on the aspect ratio and disintegration method, NC can 
be grouped into: microcrystalline cellulose (MCC), microfibrillated cellulose 
(MFC) and nanofibrillated cellulose (NFC) (Moon et al. 2011). Nevertheless, the 
categories are not strictly defined as the scientific community is still striving for 
standardization of nanocellulosic materials. Moreover, the morphology of 
nanocellulose is source dependant.  
Nanocellulose is an attractive reinforcing agent due to its abundance throughout the 
world, inherent sustainability, carbon neutrality as well as its excellent thermal 
stability, high stiffness and low density (~ 1.5 g/cm3). The first, cellulose (tunicate) 
reinforced polymer composites, however, were prepared only in 1995 by Favier 
and co-workers (Favier et al. 1995). This study started a new era of nanocellulose 
reinforced composite research. 
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It would be possible to decrease the annual production of plastics by 23 million 
tonnes only through the incorporation of 10 wt% of nanocellulose. This would lead 
to a substantial decrease in landfilling, which, for example, in the US was around 
30 million tonnes (EPA - US Environmental Protection Agency 2010) and in 
Europe 24.3 million tonnes in 2009 (PEMRG Plastics Europe market research 
group 2010). Moreover a mixture of biopolymers with cellulose would provide 
compostable and potentially sustainable materials. Biopolymers, however, cannot 
compete with conventional synthetic petroleum-based plastics in terms of 
mechanical properties and price. Thus further studies are needed in order to design 
competitive bio-based materials.  
Any material in its service life has to withstand mechanical loads, thus studies on 
its deformation mechanisms are very important. Since the nanocellulose reinforced 
composites research field is relatively new, the deformation and fracture 
mechanisms of these new materials are not yet well understood. Moreover various 
chemical treatments may be applied to nanocellulose in order to alter its properties 
which, in turn, affect mechanical behaviour. Due to recent developments in 
research tools it is possible to study deformation and fracture mechanisms in 
nanocomposites and contribute to the further development of these materials. 
Knowledge of the deformation mechanisms in these materials would also facilitate 
the tailoring of properties specific for ones needs and creating materials with 
unique properties which have never been achieved before. 
The main objectives of this study were to investigate deformation and fracture 
mechanisms in nanocellulose reinforced composites.  A number of ways such as 
extrusion, compression moulding or casting, just to name a few, can be used for the 
preparation of composites. A casting technique is a good way to prepare thin 
composite films having a thickness of ~ 50 – 100 μm which are suitable for studies 
on the structure and deformation mechanisms. Since casting methods can vary a lot 
amongst themselves, firstly, a study on the effect of the preparation method on the 
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mechanical properties of composites was carried out (Paper  I). Based on the 
literature, the most often varied factors in the preparation of cast films are: 
concentration of the polymer solution, degassing of the cast and the mixing time of 
the dispersion. Thus the aforementioned were addressed in this study. A water-
based synthetic biodegradable polymer - poly(vinyl) alcohol (PVA) was used as 
the matrix in Paper  I due to its compatibility with cellulose. Thus the need for 
chemical modification was eliminated. The preparation process of the composites 
in Paper II-V was designed with respect to the findings in Paper I. Poly(lactic) 
acid was chosen as a matrix for further investigation since it is a bio-based and 
commercially available polymer. Esterification (acetylation) was carried out in 
order to hydrophobise the surface of NC and improve cellulose dispersion in low-
polarity solvents. It was used in conjunction with two types of cellulose: 
microfibrillated cellulose (MFC) and 2,2,6,6-tetramethylpiperidine-1-oxyl radical 
(TEMPO)-oxidized fibrillated cellulose (TOFC). The effect of chemical 
modification (acetylation) on the structural organization of the composites and the 
deformation of composites was studied for MFC (Paper II) and TOFC (Paper III) 
reinforced PLA. Furthermore, the micromechanics, in particular the stress transfer 
from the matrix to cellulose nanofibrils, in composites with high weight fractions 
(> 15 wt%) of TOFC were studied using Raman spectroscopy (Paper IV). Finally 
the influence of high weight fractions of TOFC on the structure, crystallization and 
reinforcement processes in PLA composites was studied (Paper V).  
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2 BACKGROUND 
2.1 Composite materials and cellulose 
 
Most of the materials in nature are nanocomposites themselves, e.g. wood, teeth, 
bones, tendons, nacre (Abalone shell) and many more (Meyers et al. 2008). Over 
the course of millions of years nature itself has developed biological composite 
materials which are adapted to their environment. Plant-based nanocomposites 
have evolved by manipulating three main polymers: cellulose, hemicelluloses and 
lignin. The function of cellulose in these natural nanocomposites is that of 
reinforcement, with hemicelluloses and lignin acting as the matrix (O'Sullivan 
1997). Cellulose can additionally be of animal (tunicate) or bacterial origin. The 
advantages of composite materials were already recognized in ancient Egypt as 
clay was reinforced with wheat straw and was used as a construction material. The 
first man made composite material based on fibrillated cellulose – paper, was 
invented around 100 BC in China. Surprisingly, since then there have been no 
landmark developments in the use of cellulosic fibres until the appearance of a 
paper by Turbak and co-workers in 1983 (Turbak et al. 1983) where 
microfibrillated cellulose (MFC) was introduced. Cellulose nanowhiskers (CNW), 
however, were prepared from wood through acid hydrolysis as early as 1951 
(Ranby 1951).  
According to classical mechanics of materials theory (Weibull 1951) the influence 
of flaws should be reduced by breaking down plant fibres into nanofibrils, since 
statistically fewer flaws ought to occur in thinner fibres. The theoretical Young’s 
modulus of crystalline cellulose ranges from approx. 124 to 172 GPa (Tashiro and 
Kobayashi 1985; Eichhorn and Davies 2006; Tanaka and Iwata 2006), depending 
upon the model used. Recently, using quantum mechanics, the modulus of 
cellulose I beta has been calculated to be 99.7 GPa (Santiago et al. 2011). Cellulose 
is a polysaccharide made up of repeating anhydroglucose units which are linked 
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through the  1-4 glycosidic bond (an oxygen atom covalently bonded to C1 of one 
glucose ring and C4 of the adjacent glucose ring) (Klemm et al. 1998) and in plants 
is found embedded in a matrix of hemicelluloses and lignin (Fig. 1). It has reactive 
surface hydroxyl groups which are able to form hydrogen bonds.  
 
 
Figure 3. Structure of cellulose fibrils extracted from wood. Reprinted with permission 
from (Postek et al. 2011) © 2011 IOP Publishing Ltd. 
 
Additionally, the presence of surface hydroxyl groups enables various surface 
chemical modifications to be carried out. Thus the properties of cellulose can be 
tailored to suit certain applications which, in turn, provide versatility. Cellulose 
fibrillation methods are top-down approaches, where the ultrastructure of wood is 
broken down in order to extract nanocellulose fibrils. The nomenclature of 
nanocellulose is rather complicated and many terms are used in the literature. 
Broadly, nanocellulose can be categorized with respect to the aspect ratio of 
nanofibrils. Mechanically disintegrated nanocellulose from wood pulps is termed 
microfibrillated cellulose (MFC). If chemical pre-treatments are applied prior 
mechanical refining, the resulting product is referred to as nanofibrillated cellulose 
(NFC). The chemical treatment could be also indicated in the term as well, for 
example, TEMPO-oxidized cellulose nanofibrils (TOCN). Cellulose nanocrystals 
(CNC) or cellulose nanowhiskers (CNC) are rod-like structures that are obtained 
through acid hydrolysis of the aforementioned or other cellulosic sources. Similar 
to CNC is microcrystalline cellulose (MCC) although it has a smaller aspect ratio 
than CNC. All of these comprise several or tens of cellulose molecules in width, 
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depending on the preparation method and/or treatments used. A good review on 
cellulosic particles their preparation and characteristics are given by Siro and 
Plackett (2010). Wood has approximately 30 – 40 % of cellulose of which around 
half is in crystalline form (depending on raw material) (Postek et al. 2011).  
 
2.2 Nanocellulose reinforced composites 
  
During the last two decades micro and nanocellulose reinforced composites have 
been the subject of intensive research and a number of review papers have 
appeared covering this work (Abdul Khalil et al. 2012; Duran et al. 2012; Moon et 
al. 2011; Eichhorn et al. 2010; Siro and Plackett 2010; Azizi Samir et al. 2005). 
Cellulose is very often chemically modified in order to improve the disintegration 
process, impart special properties, control its hydrophilic nature or for other 
reasons. The cellulose surface can be functionalised in various ways, such as by 
acetylation, TEMPO-oxidation, silylation, polymer grafting or polyelectrolyte 
surface adsorption which facilitates control of the hydrophilic nature of the 
cellulose molecule as well as imparting new properties. Thus the potential 
applications of nanocellulose reinforced composites can span a broad range. 
Functionalised cellulose can be used in many forms (suspension, powder, film, 
aerogel) and is employed in many different ways (food additive, thickener, binder). 
Herein, the focus is on nanocellulose which is used in composite materials, thus a 
short overview of cellulose nanocomposites, which exemplifies the versatility of 
these novel materials, is given.  
There are several different trends in the composition of nanocellulose reinforced 
composites. Probably the most popular preparation method is a simple mixture of 
polymer (either synthetic or bio-based) with nanocellulose. Nevertheless, all-
cellulose nanocomposites, where amorphous cellulose (dissolved) is reinforced 
with cellulose crystallites, are of interest as well. Recently, a novel “nanowelding” 
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method based on the partial surface dissolution of cellulose fibrils was introduced 
as a way of preparing all-cellulose composites (Yousefi et al. 2011). Additionally, 
hybrid composites can be prepared using a combination of synthetic reinforcing 
agent (e.g. carbon nanotubes) and nanocellulose, yielding a conductive material 
(Yoon et al. 2006; Fugetsu et al. 2008). Tough and strong 
nanocellulose/montmorillonite composites have been developed through 
mimicking the structure of nacre (Liu et al. 2011). Moreover nanocellulose has 
been successfully used in the preparation of flexible magnetic aerogels (Olsson et 
al. 2010) as well as a nano-sized scaffold (Korhonen et al. 2011). Improvements in 
fibre-matrix interactions and toughness has been reported for bamboo/PLA/MFC 
(Okubo et al. 2005; Okubo et al. 2009)  and plain woven carbon fibre 
(CF)/epoxy/MFC composites (Gabr et al. 2010c). A similar effect was observed 
upon the addition of nanocellulose to urea formaldehyde adhesives (Veigel et al. 
2011). Optically transparent bacterial cellulose (BC) and plant-based (wood) 
cellulose reinforced composites have been shown to have potential as flexible 
displays in the electronics industry (Yano et al. 2005; Okahisa et al. 2009). The 
control of fibril-fibrils interaction in nanocellulose through modifications by, for 
example, DNA grafting (Mangalam et al. 2009) may open up new possibilities in 
constructing miniature devices through a bottom-up approach. Nonetheless, all 
advances lead to the formation of cellulose nanocomposites. Thus it is of 
paramount importance to understand the underlying deformation mechanisms since 
any material has to sustain loads if used in everyday life.  
 
2.3 Micromechanical models 
 
The simplest model of the Young’s modulus of aligned long-fibre composites 
treats the material as it would consist of bonded parallel slabs. The relative 
thickness of the slabs is proportional to the volume fractions of matrix and fibres 
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and they have the same length. If this system is loaded in direction of the fibre 
alignment, both slabs would exhibit the same strain in the loading direction. 
Provided that there is no sliding between the matrix and fibre, the Young’s 
modulus can be calculated according to Eq. 1. (Hull and Clyne 1996). 
 
  mrrrc EX1EXE   (1) 
 
Where cE is composite modulus; rE is reinforcement modulus; mE is matrix 
modulus; rX is fibre volume fraction. 
This model is often referred to as a Rule of Mixtures or uniform strain. The 
theoretical Young’s modulus based on the aforementioned model with respect to 
the volume fraction of reinforcement is shown in Fig. 4. 
If the same system is loaded in a transverse direction to the fibres and normal to the 
plane of the slab interface, the components exhibit uniform stress thus it is called 
the uniform stress model. Then the Young’s modulus could be modelled according 
to Eq. 2. (Hull and Clyne 1996). 
 
   1mrrrc /EX1/EXE   (2) 
 
This modelled is also known as Reuss and schematically shown in Fig.4. These 
two aforementioned models do not fully explain the elastic behaviour of 
composites but represent two extremes. 
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Figure 4. Young’s modulus dependency on volume fraction of reinforcement. Rule of 
mixtures (uniform strain) and Reuss (uniform stress) models. 
 
Theories on the deformation mechanisms in nanocomposites have evolved from the 
pioneering studies on semicrystalline polymer fibres by Treloar (Treloar 1941), 
who was the first to discuss the reorientation of polymer materials under extension, 
as well as Ward (1962) who derived models where crystalline domains were 
considered in series with amorphous domains.  The work of Halpin and Kardos 
(Affdl and Kardos 1976)  gave the basis for predicting the mechanical stiffness of a 
semicrystalline polymer. It was based on composites theory and strongly 
influenced by the work of Hill (Hill 1963; Hill 1964), who modelled composites as 
a single fibre embedded in a cylinder of matrix. Similarly Davies (Davies 1971a; 
Davies 1971b) modelled the mechanical properties of composites and introduced a 
modified rule of mixtures, where a correction coefficient was introduced. 
Takayanagi et al. (1967) proposed a parallel-series model in which the stress in the 
crystals and in amorphous regions is non-uniform. In this way crystals were 
overstressed and amorphous zones under-stressed.  Thus stress transfer would take 
in place in these systems at the nano-scale. Percolation theory, developed by Ouali 
and co-workers (Ouali et al. 1991) is nowadays widely used in the modelling of the 
mechanical properties of composites. It assumes interactions between fibrils as 
opposed to the unlike earlier models. Percolation theory dates back to the 1940s 
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and is related to the assumption that chemical bonds are formed randomly. 
Basically, it examines whether the elementary segments of a system are 
macroscopically connected. In a percolated cluster all of the components are in the 
same state. When the cluster starts dominating in a system it becomes percolated. 
This point is termed the percolation threshold and it indicates a phase transition. In 
materials science it usually indicates an abrupt change in the properties of material. 
From percolation theory, Young’s modulus of a composite is expressed as shown 
in Eq. 3 (Ouali et al. 1991).  
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Where cE is composite modulus; rE is reinforcement modulus; mE is matrix 
modulus; rX is fibre volume fraction. Where 	  is a percolation volume fraction 
and given by Eq. 4: 
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Where cX is the percolation threshold. A more detailed description of the models 
applied in the study along with the formulae is presented in Paper I. 
 
2.4 Experimental micromechanics 
 
Tools available for investigating of the micromechanics of nanocellulose 
reinforced composites are limited due to the small size of the individual fibrils. It is 
not possible to handle nanocellulose fibrils mechanically, thus typical methods, 
such as fibre pull-out, microbond or single fibre fragmentation (Hull and Clyne 
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1996), used to study the stress transfer in fibre reinforced composites are not 
applicable. Techniques such as atomic force microscopy (AFM), X-ray diffraction 
(XRD) and Raman spectroscopy have been employed to study the strength of 
single nanofibrils (Cheng et al. 2009; Iwamoto et al. 2009), structure (Oksman et 
al. 2006) and the stress transfer within nanocomposites (Cooper and Young 1999) 
respectively. In this study Raman spectroscopy was used to investigate the stress 
transfer mechanisms in nanocellulose reinforced composites. 
 
2.5 Raman spectroscopy and deformation mechanics 
 
Raman spectroscopy is based on a physical phenomenon - Raman scattering. The 
greatest advantage of Raman spectroscopy is the ability to examine samples with 
minimal preparation. Experimentally, Raman scattering was first observed by 
Raman and Krishnan in 1928 (Raman and Krishnan 1928). When a molecule is 
subjected to monochromatic light (laser), electrons and nuclei are forced to shift in 
opposite directions, thus a dipole moment is induced and a short-lived (virtual) 
molecular state is created. The dipole moment is proportional to the strength of the 
electric field and the molecular polarizability (i.e. chemical bond). When the 
molecule relaxes from its virtual state it emits a photon and returns to a different 
vibrational state from the initial state. The difference between the initial state and 
the new state leads to a frequency change of the emitted photon compared to the 
photon of the incident light. This different frequency can be detected and assigned 
to a Raman band. The Raman band is specific to chemical bonds and symmetry of 
a molecule. Hence, every molecule has a pattern of Raman bands which allows 
identification. Symmetric vibrations give the largest changes in the polarizability 
and consequently more intensive Raman scattering. Moreover, if a molecule is 
subjected to mechanical deformation, vibrational frequencies change thus 
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deformations can be detected. More detailed information can be found in Smith 
and Geoffrey (2005).  
A typical Raman spectrum of MFC is shown in Fig. 5. Intense vibrational bands 
correspond to CH, HCO (~ 2800 cm-1)   and  COC  (~  1095  cm-1)  vibrations 
(Gierlinger et al. 2006; Wiley and Atalla 1987). 
Figure 5. Raman spectrum of MFC. 
 
One of the first studies on unstrained natural fibres was by Blackwell et al. (1970), 
who reported Raman spectra from algae. The Raman spectra from the natural 
materials such as wool, silk, hair and feather has also been reported (Hogg et al. 
1994; Edwards et al. 1997; Akhtar et al. 1997) as well as band assignments of 
celluloses (Wiley and Atalla 1987).  
Raman spectroscopy has been shown to be a useful, non-invasive, tool for studying 
the in-situ micromechanics of polymers (Young et al. 1990; Davies et al. 2001), 
particulate composites (Cooper and Young 1999; Shyng et al. 2006), carbon 
nanotube reinforced composites (Cooper and Young 1999; Cooper et al. 2001) and 
cellulosic materials such as wood fibers (Gierlinger et al. 2006; Eichhorn et al. 
2001; Eichhorn et al. 2000; Peetla et al. 2006), cotton (Quesada Cabrera et al. 
2011) and cellulosic nanocomposites (Rusli et al. 2010; Rusli et al. 2011; Pullawan 
et al. 2010;  Eichhorn and Young 2004). The use of Raman spectroscopy to study 
deformation in polymer single crystals was pioneered by Mitra and co-workers 
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(Mitra et al. 1977). They concluded that frequency shifts in the spectra obtained 
from single crystals of diacetylene take place due to bond anharmonicity.  A later 
study by Batchelder and Bloor (1979) supported the findings of Mitra and 
colleagues. When the molecular chain is strained by external load the atoms are 
displaced from their original positions by an amount proportional to the force. As 
the cellulose crystallite is stretched along the axis, the skeletal chain is mainly 
deformed by the mechanism of ring deformation in conjunction with stretching and 
bending of -1,4-glycosidic linkage as well as stress distribution via hydrogen 
bonding (Tashiro and Kobayashi 1985; Hinterstoisser et al. 2003). As a result a 
Raman band initially located at ~1095 cm-1, assigned to C-O-C stretching 
(Gierlinger et al. 2006; Wiley and Atalla 1987), shifts towards a lower 
wavenumber position, due to direct deformation of the cellulose backbone 
(Eichhorn et al. 2001; Eichhorn et al. 2000; Eichhorn and Young 2001; Eichhorn et 
al. 2001; Eichhorn et al. 2001; Bakri and Eichhorn 2010). The shift rate directly 
corresponds to the stress transfer in a composite. Thus it allows in-situ studies of 
molecular deformations and provides valuable insight towards the micromechanics 
of composites. 
 
2.6 Structure and thermomechanical properties of composites 
 
The structure of a polymer changes significantly when nanocellulose is added. 
Firstly, it introduces heterogeneity, secondly, it changes the crystallization 
behaviour of a polymer. Studying the thermomechanical properties is a good way 
to evaluate the structure of nanocomposites and is very important as composites 
undergo temperature cycles during their service life. In dynamic mechanical 
thermal analysis (DMTA) samples are subjected to an oscillating sinusoidal load at 
a particular frequency upon heating. The applied stress varies as a function of time 
and so does the strain. In viscoelastic materials, strain lags behind the stress. Thus 
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the variation in stress and strain with respect to time can be expressed as shown in 
Eq. 5 and Eq. 6 respectively (Young and Lovell 1991). 
 
   tsin0  (5) 
tee sin0  (6) 
 
Where   is applied stress; 0  is amplitude of the stress; t  is time;   is angular 
frequency (2  times the frequency in Hz);   is a phase angle (phase lag); e  is 
strain; 0e  is amplitude of the strain. 
 As a result two dynamic moduli can be defined: storage modulus E’ (Eq. 7) and 
loss modulus E” (Eq. 8) (Young and Lovell 1991).  
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They represent elastic and plastic (damping) properties respectively. The ratio E” 
over  E’  is  termed  Tan  .  One  of  the  advantages  of  the  DMTA  technique  is  the  
possibility to relate peaks in the E” and Tan  curves to certain molecular motions 
(Young and Lovell 1991; Brown 2001). Dynamic scanning calorimetry (DSC) can 
be used in a similar way to follow molecular transitions upon heating and cooling. 
This technique provides insights into the crystallization behaviour of a polymer. 
There have been a number of studies on the behaviour of PLA upon the addition of 
nanocellulose (Oksman et al. 2006; Nakagaito et al. 2009; Suryanegara 2010, 
Suryanegara et al. 2009; Tingaut et al. 2010; Pei et al. 2010; Lin et al. 2011, 
Jonoobi et al. 2010a, Kvien et al. 2005; Mathew et al. 2005) just to name a few. 
The potential of cellulosic fillers to act as a nucleating agent and enhance thermal 
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stability and stiffness of a polymer have been reported previously (Suryanegara 
2010; Pei et al. 2010; Mathew et al. 2005). Nevertheless, the growth of crystals is 
affected by a number of factors, such as surface energy and surface roughness 
(Quan et al. 2005), thus further investigations are needed.  
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3 EXPERIMENTAL 
 
The main materials, such as the cellulose fibrils and polymers, used in the 
preparation of the composite films are described in section 3.1. Methods employed 
in the study are presented in section 3.2. More detailed information can be found in 
Papers I-V.  
3.1 Materials 
3.1.1 Cellulose fibrils 
 
The cellulosic materials used in this study were prepared at the department of 
Forest Products Technology, Aalto University, Finland. Microfibrillated cellulose 
was disintegrated from never dried bleached birch Kraft pulp in an ultra-fine 
friction grinder (Masuko Supermasscolloider, model MKZA 10-15J) without any 
chemical modification. The pulp suspension was passed five times (Paper I) and 
seven times (Paper II) through the grinder. The suspension was in the form of a 
gel and had solids content of approximately 2 wt%. 
TEMPO-oxidized fibrillated cellulose (TOFC) (Paper III, IV, V) was prepared 
from never dried bleached birch Kraft pulp according to the method detailed by 
Saito and co-workers (Saito et al. 2006). After the oxidation, the fibrils were stirred 
in a commercial blender with the addition of deionized water until a transparent 
gel, which had a solids content of approximately 0.5 wt%, was formed. No 
additional filtration, or any other treatment, was carried out. The term 
nanocellulose is used hereafter to refer to both MFC and TOFC although they both 
consist of nano and micro fibrils. 
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3.1.2 Polymeric matrices 
 
Two types of water soluble poly(vinyl) alcohol (Elvanol 71-30 and Elvanol 75-15), 
manufactured by DuPont, Wilmington, Delaware, USA, were used as matrix 
(Paper I). Elvanol 71-30 is a fully hydrolyzed polymer with an average molecular 
weight (Mw) of  93700. Elvanol 75-15 is a hydrolyzed copolymer of poly(vinyl) 
alcohol and methyl methacrylate (MMA) with an average Mw of  65500.  
Poly(lactic) acid (NatureWorks 2002D) manufactured by NatureWorks, 
Minnetonka, MN, USA was used as a matrix in Papers II-V. The matrix had to be 
transparent to visible light in order to use Raman spectroscopy in studying the 
stress transfer mechanisms in nanocomposites. 
 
3.2 Methods 
3.2.1 Cellulose chemical modification 
 
Acetylation of MFC. MFC was solvent exchanged to ethanol and then to toluene by 
two subsequent centrifugations at 8000 rpm for 15 min at 20 °C. The suspension 
was decanted and fresh media added after each centrifugation. Acetic anhydride 
(AA) was added to the resultant MFC suspension in toluene and maintained at a 
temperature of 105 ± 5 °C for 15 and 30 minutes. Approximately 100g of AA was 
added to react with 1.5 g of cellulose (dry weight).  The reaction was quenched by 
placing the flask into an ice bath and adding acetone to the mixture. Suspensions of 
acetylated MFC were centrifuged as previously described and then solvent 
exchanged to chloroform. The final acetylated MFC suspension had a solid content 
of ~ 1 wt% and was used in the preparation of the composite films (Paper II). 
Acetylation of TOFC. The acetylation of TOFC was similar to that of MFC but the 
TOFC was exchanged to dimethyl formamide (DMF) where the acetylation 
reaction took place (Paper III-IV).  The reaction was carried out for 15 and 120 
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minutes (Paper III)  at  105  ±  5  °C.  In  Papers IV-V the suspension of TOFC in 
DMF was pre-heated to 125 ± 5 °C prior to the addition of AA in order to boil 
away any remaining water. Then the acetylation reaction took place at 125 ± 5 °C 
for 45 min. It was stopped by placing the reaction flask in an ice bath and adding 
acetone. The whole mixture was centrifuged and the media decanted off. Final 
suspensions in chloroform (~ 0.3 wt%) were used in the preparation of the 
composites. 
 
3.2.2 FT-IR spectroscopy 
 
Infrared spectroscopy is based on the absorbance of energy at the resonant 
frequency of molecules. When photons of incident light (infrared) hit the sample 
the energy is absorbed due to molecular vibrations which are bond and vibrational 
mode dependent. Thus it is possible to detect the presence of certain bonds in turn 
organic compounds. The IR technique is water sensitive unlike Raman 
spectroscopy, since it is related to changes in dipole moment. Vibrational bands 
from the carbonyl (C=O) groups appear at ~ 1740 cm-1, and indicate the presence 
of acetyl moieties. Thus this technique is suitable for detecting ester groups on 
cellulose surfaces. Acetylated and non-acetylated samples were dried in an oven 
and spectra collected between 400 cm-1 and 4000 cm-1. The spectrometer was 
equipped with a laser operating at a wavelength of 632.8 nm. A photoacoustic cell 
was used in the study (Paper II-IV).  
 
3.2.3 Atomic force microscopy (AFM) 
 
The technique is based on the interaction forces between atoms. The tip, which is 
attached to a cantilever, is either brought into contact with the surface or is 
oscillated over it. Due to the tip-surface interactions, topography features are 
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recorded. During the preparation of samples a dilute suspension of nanofibrils is 
spin coated on a substrate. They are adsorbed on the surface thus the identification 
and measurement of individual nanofibrils is possible. Tapping mode was used in 
the studies i.e. the tip oscillates at its resonance (or near resonance) frequency and 
comes into contact with the specimen surface intermittently. Mechanical contact of 
the tip with sample surface is minimized, eliminating inelastic deformation of the 
specimen, thus, rendering the technique suitable for the analysis of soft materials. 
Films were imaged with a Nanoscope IIIa multimode scanning probe AFM. (Paper 
II, IV). 
 
3.2.4 Preparation of composite films 
 
Preparation of the composites essentially varied with respect to the matrix used. 
Water soluble PVA was used in Paper I therefore cellulose suspended in water 
was directly mixed with the polymer. Later studies (Paper II-V) dealt with a water 
insoluble polymer – PLA, thus the cellulose had to be chemically modified and 
solvent exchanged as described in section 3.2.1.  
PVA was dissolved in hot water at +80 ±5 °C under constant agitation for 60 min. 
The solution was left to cool down and the MFC added, to prepare composites to 
weight fractions of 1, 5, 10 and 15 %. The suspension was mixed for 2 h. Three 
different concentrations were used: 1, 2 and 4 %. Composites were named A, B, C 
accordingly. Then the suspensions were cast without degassing (composites A1, 
B1, C1) or with (composite B3) in order to study the influence of vacuum. For 
example, composite B3 was prepared by mixing 2 wt% concentration polymer 
solution with a certain amount of MFC (0, 1, 5, 10, 15 wt%) and then the cast was 
degassed for 20h. The PVA polymer, Elvanol 75-15, was used to study any effect 
of mixing time on composite quality, thus two different mixing durations were 
chosen, 2 and 24 h (Paper I).  
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In Papers II-V cellulose was acetylated prior to mixing with the PLA solution in 
chloroform. Either acetylated MFC (Paper II) or acetylated TOFC (Paper III-V) 
was added to the PLA solution, homogenised and degassed prior casting onto a 
release agent treated glass plate. The casts were left in a well-ventilated 
environment overnight and then finally cured in an oven at 60 °C for 30 minutes. 
Pure PLA films were also prepared as well as pure cellulose film (Paper IV).  
 
3.2.5 Mechanical testing 
 
Mechanical testing was performed according to the standard ISO 527-1996 
(Plastics. Determination of tensile properties). Specimens were punched out of the 
films using a custom made cutting die (type 1 BA). The specimens were 
conditioned in accordance with EN ISO 291:2008 (Plastics. Standard atmospheres 
for conditioning and testing) at +23 °C ±1 °C and 50% ±2% relative humidity (RH) 
prior testing. To study effect of RH on the mechanical properties of the composites 
(Paper I), the following RH were used: 45 % ±1, 50 % ±1 and 55 % ±1. The 
samples were kept for at least 72h in the controlled environment prior each test. 
The tests were carried out on MTS 400/M testing rig at the same temperature and 
RH as the conditioning setting prior to the test. Testing speed was 20 mm/min for 
composites with the PVA matrix and 5 mm/min for composites with the PLA 
matrix. A load cell of 50 N was used in all cases. The tensile speed in the Raman 
measurements was 0.05 mm/min and a load cell of 2 kN was used. 
 
3.2.6 Dynamic mechanical thermal analysis (DMTA) and differential 
scanning calorimetry (DSC) 
 
Composite films were cut into strips having a nominal width of 5.3 mm and a 
length of ~ 12 mm. The samples were tested in tension in a Q 800 (TA 
Instruments) dynamic mechanical thermal analyser. The temperature varied 
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between 0 and + 250 ºC at a heating rate of 3 ºC/min. Data were recorded at 
equilibrium for 2 seconds at each step. The Oscillating frequency was 1 Hz. 
Dynamic mechanical analysis (DMA) with humidity control was carried out on the 
same device as described above, but equipped with a humidity control chamber. 
The relative humidity (RH) was cycled between 0 and 90 % under isothermal (30 
°C) conditions. The stabilization time was 240 min at both RH levels. 
DSC is used in to monitor molecular transitions in polymer and to indirectly 
evaluate crystallinity. The temperature of a sample is increased as a function of 
time. Samples having a weight of 6 – 10 mg were sealed in crucibles and heated 
from 25 to 200 °C at a rate of 20 °C/min. This was followed by a cooling stage 
where the temperature was decreased at a rate of 10 °C/min until it reached 0 °C. 
Finally, a second heating stage at a rate of 10 °C/min was carried out. More details 
can be found in Paper V. 
 
3.2.7 Scanning electron microscopy (SEM) 
 
Scanning electron microscopy was employed to study the topography of the 
fracture surfaces of the composite films. Imaging is based on the detection of 
secondary electrons, thus limiting it exclusively to surface features. The fracture 
surfaces of the samples were imaged after mechanical testing.  Three electron 
microscopes were used: a table-top SEM (Hitachi TM-1000) (Paper  I); a Zeiss 
supra 40 (Paper II, IV) and a Leo (Zeiss) 1450 (Paper III).  All  of  the  samples  
were gold sputtered prior to imaging. 
 
3.2.8 Raman spectroscopy and imaging 
 
Raman spectroscopy was used for two purposes: i) to study composition of the 
specimens and ii) to detect stress transfer from the matrix to NC fibrils. Stress-free 
composite films were embedded in epoxy and left to cure for 24 h. Then a smooth 
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cross-sectioned surface was created using a Leica ultramicrotome (Leica 
Microsystems, Wetzlar, Germany). The sample was placed under a microscope 
equipped with a Raman detector and a laser operating at a wavelength of 532.24 
nm.  The basic principle behind the Raman imaging is shown in Fig. 6. The area of 
interest is scanned pixel-by-pixel at a spatial resolution of 1-2 μm and a spectrum 
is recorded in each pixel. Construction of the Raman images is based on a 
difference in band intensities arising from a variance in the quantity of material 
constrained in the sample, i.e. relation proportional to cellulose and PLA. 
 
 
Figure 6. Basic principle of Raman imaging. 
 
A band located at ~ 1095 cm-1 is characteristic of cellulose and a band located at 
1130 cm-1 is characteristic of PLA. By taking the intensity ratio (background 
corrected) of the two a “chemical map” is formed (Fig 6). Previously Raman 
imaging has been employed to study the chemical composition of the wood cell 
wall (Gierlinger and Schwanninger 2007) as well as the molecular orientation in 
native cellulose fibres (Atalla et al. 1980). 
In order to detect stress transfer in the composites, the films were placed under 
load. Samples were deformed stepwise in a tensile rig and Raman spectra were 
recorded at each point. The strain increment between two steps was 0.1 %. The 
shift in the Raman band located at ~ 1095 cm-1 was of interest since this can be 
related to the molecular deformation of the cellulose molecule. The shift was 
calculated after mixed Gaussian/Lorentzian peak fitting. Further details can be 
found in Paper IV and in a review paper by Young and Eichhorn (2007). 
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3.2.9 Additional techniques 
 
Details of the determination of the degree of substitution (DS) can be found 
in Papers II-IV. Composite density measurements were performed by 
cutting circular disks (either 5 or 10 mm in diameter) from the films, 
weighing them and measuring the thickness (Paper  I).  A  pH  meter  
(Metrohm 744 pH) was used to measure the pH of PVA (Paper  I). The 
viscosity of PVA water solutions at room temperature was measured using a 
capillary viscometer (Paper I). 
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4 RESULTS AND DISCUSSION 
 
4.1 Morphology of nanocellulose and degree of substitution 
 
It is hard to define the morphology of nanocellulose precisely as it is a mixture of 
nano and micro fibrils (if not filtered) which are also entangled. A SEM image of 
an MFC suspension in water upon drying (Fig. 7) illustrates the entangled 
structure, although slightly aggregated due to drying under vacuum. 
  
 
Figure 7. SEM micrograph of MFC (Paper I). 
 
Micro-sized fibrils are approximately of 200 microns in length and around 4 
microns in width (aspect ratio ~ 50) as measured from polarized light micrographs 
of diluted MFC suspensions in water (Paper I). The aspect ratio of nanofibrils 
spans a wider range from ~ 20 to 150 as measured from the height profiles of an 
AFM topography image (Fig. 8). 
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Figure 8. AFM topography image of spin coated MFC. The height profile of the marked 
area (white line) is shown below the topography image (Paper II). 
 
The widths are approximately 10 – 20 nm as the topography image and height 
profile indicate (Fig. 8). Micro-sized fibrils in the MFC suspension scatter light, 
thus the suspension is not transparent to visible light. The transparency of the 
TOFC water suspension indicates better dispersion and the smaller size of the 
fibrils (Fig. 9). 
 
Figure 9. AFM topography image of spin coated TOFC. The inset shows the height profile 
of the marked area (white line) (Paper IV). 
 
The widths of TEMPO-oxidized fibrils are approximately 10 – 25 nm and the 
length is in the range of ~ 1 μm. However, aggregation of the TOFC fibrils takes 
place when the media is changed from a polar to a non-polar, even after chemical 
modification. This has the effect of slightly decreasing the aspect ratio of the TOFC 
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fibrils (Paper IV). A term nanocellulose (NC) is used, thereafter, for both MFC 
and TOFC. 
Acetylation of MFC was found to be reaction time dependant. The DS was found 
to be 0.24 and 0.43 after 15 min and 30 min reaction time respectively (Paper II). 
In the case of acetylated TOFC the DS was 0.6 after 15 min and 0.4 after 120 min 
reaction time (Paper III), although it reached 0.98 after 30 min reaction time 
(unpublished data). A modified acetylation method was used in Paper IV, 
however it yielded a DS of 0.16 after 45 min acetylation of TOFC and a DS of 0.11 
when birch pulp was acetylated. The DS of MFC and TOFC cannot be compared 
directly as the media and chemical modification method differed slightly.  
 
4.2 Influence of the preparation method on the mechanical properties 
of composites 
 
Cellulose is well known for its hydrophilicity, thus it acts as a thickener in water-
based suspensions. When NC is mixed with a polymer dissolved in water the NC 
increases the viscosity of the mixture and consequently the dispersability of the 
NC. The dispersion of low weight fractions of nanocellulose is better at slightly 
higher polymer concentrations, however, when a threshold of around 10 wt% load 
of nanocellulose is attained, lower polymer concentration solution favours 
dispersion. The mechanical properties of the composites are affected accordingly 
(Fig. 10). 
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Figure 10. Influence of solution concentration and MFC loading on mechanical properties 
of MFC reinforced PVA composites. Columns represent Young’s modulus; curves tensile 
strength. Standard deviation is depicted by error bars. A1, B1 and C1 – 1, 2 and 4 wt% 
PVA solution concentrations respectively (Paper I). 
 
In fact, preparation of 1 wt% polymer concentration composites with 1 wt% MFC 
load was not possible, since MFC formed lumps at the end of the curing process. 
The Young’s modulus of C1 composites (PVA solution concentration 4%, 
degassed) was the highest at 5 wt% load, although it significantly decreased at 10 
wt% load and exhibited the lowest Young’s modulus value compared to the others. 
Composite A1 (PVA solution concentration 1%, degassed) had the lowest tensile 
strength at 5 wt% load of MFC, but was equal to that of B1 (PVA solution 
concentration 2%, degassed) and C1 at 10 and 15 wt% loads. The preparation of 
C1 composite with 15 wt% load was not possible due to the high viscosity. Clearly 
the viscosity affects dispersion and consequently mechanical properties, since the 
good distribution of reinforcing agent is very important as has been stated by many 
workers (Favier et al. 1995; Garcia et al. 2006; Zimmermann et al 2004; 
Chakraborty et al. 2006; Lu et al. 2008; Cheng et al. 2007; Favier et al. 1997). 
Degassing is often used in the preparation of composite films in order to remove 
entrapped air. As Fig. 11 shows this also affects the Young’s modulus of composite 
films. 
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Figure 11. The effect of degassing on PVA/MFC composite mechanical properties. 
Concentration of PVA solution in water – 2 wt%. Composite B1 – non degassed; B3 – 
degassed (Paper I). 
 
At a PVA concentration of 2wt% it was found that the application of a vacuum 
increases Young’s modulus, but MFC weight fraction’s  above 10 wt% result in a 
reduction. The amount of air, which can be effectively removed from the polymer-
MFC dispersion, is related to viscosity which is linked to the MFC load. The 
opposite trend was observed when the PVA solution concentration was 4 wt% 
(Paper  I). The density of composites has not changed after degassing (Paper  I), 
thus the differences in the Young’s modulus and tensile strength with respect to 
degassing are not affected by the density. Another important factor to consider in 
the preparation process is the mixing time of polymer/nanocellulose blend. An 
agitation time of 24 h negatively affects both the Young’s modulus and tensile 
strength of composites compared to agitation for 2 h. Long mixing time has been 
found to be detrimental in both pure PVA films as well as in MFC/PVA 
composites with 1 and 2 wt% loads (Paper I). All-in-all the stiffness and tensile 
strength of the MFC/PVA composites were improved upon the addition of 5, 10 
and 15 wt% loads of MFC. This implies that the percolation threshold is around 5 
wt% for this type of composite. 
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4.3 Dependency of composites morphology on DS of nanocellulose 
 
The dispersion of polar cellulose within a non-polar PLA matrix is virtually 
impossible (Ljungberg et al. 2005; Heux et al. 2000). The aim of chemical 
modification was to increase the hydrophobicity of nanocellulose which would 
result in better dispersion of the cellulose fibrils within the matrix and thus improve 
the mechanical properties of the composites. The study has shown that visible 
cellulose aggregates form at lower values of DS (Fig. 12). 
 
  
Figure 12. Photographs of PLA/MFC composites with 20 wt% MFC load (a) DS 0.24 and 
(b) DS 0.43 (Paper II). 
 
In a PLA/MFC composite film, containing 20 wt% of MFC, a DS of 0.24 was not 
enough to prevent cellulose aggregation completely (Fig. 12a). However, at as DS 
of 0.43 the dispersion was much better as no visible MFC aggregates were detected 
(Fig. 12b). Further, the dispersion of MFC having a DS of 0.43 was studied at 
higher resolution using Raman spectroscopy. The intensity of a characteristic 
Raman band correlates with the quantity of material within composite (Quero et al. 
2010) (Paper II, IV). Thus it could be used to study cellulose dispersion within a 
PLA matrix. The Raman band characteristic to cellulose, situated at ~ 1095 cm-1, 
was chosen for comparison with the characteristic band of PLA situated at ~ 1130 
cm-1. The Raman images (Figs. 13 and 14) represent a “chemical map”. Each pixel 
in the image shows the ratio between the aforementioned intensity bands, thus 
clearly corresponding to quantity of the material. 
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Figure 13. Microscope image of a 2 wt% MFC (DS 0.43) composite film embedded in an 
epoxy matrix and a Raman image (below) representing the area within the rectangle. The 
scale bar in arbitrary units is on the right hand side. Vertical black lines denote the 
boundaries of the composite film. The arrow indicates the polarization direction of the 
laser (Paper II). 
 
The lighter colour in Figs. 13 and 14 correspond to higher amounts of cellulose, 
thus the Raman image appears lighter in Fig. 14. Some aggregates, which are 
marked with arrows (Fig. 14), can be seen at 20 wt% load of TOFC. Good 
dispersion of reinforcement agent is limited at higher weight fractions due to fibril-
fibril interaction i.e. the fibrils start to aggregate due to the formation of hydrogen 
bonding between adjacent cellulosic surfaces. Extensive fibril-fibril interactions 
take place when the load of a reinforcement agent exceeds the percolation 
threshold. Consequently there are discrepancies between modelled (which usually 
assume perfect dispersion) and actual values of Young’s modulus as shown in 
Paper I. 
 
 
Figure 14. Microscope image of a 20 wt% MFC (DS 0.43) composite film embedded in 
epoxy matrix and a Raman image (below) representing the area within the rectangular. The 
scale bar in arbitrary units is on the right hand side. Vertical black lines denote boundaries 
of the composite film. The arrow indicates polarization direction of the laser (Paper II). 
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Raman imaging showed clustering of cellulose fibrils which were not visible to the 
naked eye, thus providing a high resolution (~ 1-2 μm) tool to study nanocellulose 
dispersion within polymer matrices. Although the resolution is not higher than that 
of visible light microscopy, the ability to distinguish materials and evaluate their 
quantity at micro-scale provides advantages. 
 
4.4 Mechanical behaviour of the nanocomposite films 
 
The mechanical behaviour of composite films was altered upon the addition of both 
MFC and TOFC to the polymer matrices (Paper I-V). Typically (Zimmermann et 
al. 2004; Chakraborty et al. 2006; Lu et al. 2008; Cheng et al. 2007; Roohani et al. 
2008, Cheng et al. 2009) an improvement in Young’s modulus and tensile strength 
are accompanied by a decrease in strain-to-failure. This behaviour was observed 
upon the addition of MFC to a PVA matrix (Paper I). The behaviour of a brittle 
polymer matrix – PLA was modified in a different manner to PVA. Toughening 
was observed at low weight fractions of reinforcing agent, but reinforcement 
occurred at higher weight fractions (Fig. 15). 
 
Figure 15. Representative stress – strain curves of pure PLA and PLA/MFC composites 
(DS 0.43). The stress – strain curves in a region below 5% of strain are shown in the inset 
(Paper II). 
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The DS of nanocellulose affected the deformation mechanisms in both MFC 
(Paper II) and TOFC (Paper III) reinforced composites. Higher DS led to greater 
toughening. The toughness, expressed as tensile energy absorbed (TEA) and which 
is calculated as the area under a stress-strain curve up to the failure point, of 
PLA/MFC composites was improved by ~ 600 % at 2 wt% load of MFC having a 
DS of 0.43. The incorporation of 10 wt% of this MFC resulted in improved 
Young’s modulus (by 15 %) and toughness (5 times). An increase in strain-to-
failure for composites reinforced with MFC having a DS of 0.24 was observed only 
at 2 wt% load (Paper II) and in the case of TOFC only at 1 wt% load of MFC at 
both DS (Paper III). The improvement in toughness can be attributed to an 
increase in the crazing (Fig. 16) owing to the incorporation of MFC (Paper II, III). 
 
 
Figure 16. Crazing in pure PLA film (a) and acetylated MFC (DS 0.43) reinforced 
composites with weight fractions of: (b) 2 %, (c) 5%, (d) 10 %, (e) 15 %, (f) 20 %. Images 
were taken right before the fracture, thus the strains were close to the ultimate strain-to-
failure values i.e. approx. (a) 9.5 % (b) 120 %, (c) 70 %, (d) 45 %, (e) 4 %, (f) 2 % (Paper 
II). 
 
The crazing - stress whitening - was observed in both MFC and TOFC reinforced 
PLA composites. Nanocellulose introduces heterogeneity into a polymer matrix 
and, due to significant differences in the Young’s modulus of the cellulose and the 
matrix, shear-yielding could be induced, resulting in crazing. Additionally, the 
introduction of voids into composite films could facilitate inter-fibril debonding 
and nanofibril slippage as has been reported in pure nanocellulose structures 
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(Henriksson et al. 2008). This could account for the improved toughness compared 
to pure PLA. The lower number of hydrogen bonds following esterification would 
facilitate debonding and slippage and explain the dependency of deformation 
mechanisms on DS, in addition to dispersion. SEM micrographs of PLA/MFC and 
PLA/TOFC composite illustrate that plastic deformation takes place in a composite 
film during mechanical loading (Fig. 17). 
Figure 17. SEM micrographs of composite fracture surfaces: (a) PLA/TOFC composite 
with 1 wt% load of TOFC (DS 0.6) (Paper III), (b) PLA/MFC composite with 2 wt% load 
of MFC (DS 0.43) (Paper II). 
 
The toughening effect of nanocellulose on brittle polymers has been reported 
previously (Okubo et al. 2009; Gabr et al. 2010a; Gabr et al. 2010b; Gabr et al. 
2010c) although some other studies (Pei et al. 2010; Jonoobi et al. 2010b; Tome et 
al. 2011) have reported the opposite i.e. the addition of nanocellulose has rendered 
polymers more brittle. The present study shows that it is clearly related to the 
morphology of nanocellulose, since different weight fractions of MFC (Paper II) 
compared to TOFC (Paper III) were needed to observe the toughening, as well as 
DS and dispersion of the reinforcing agent within the matrix.  
 
4.5 Raman spectroscopy and micromechanics 
 
The stress transfer in composites having higher weight fractions (15, 20, 25 and 30 
wt%) of TOFC as well as the orientation of the nanofibrils were studied using 
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Raman Spectroscopy. Orientation is very important since polarizers are used to 
receive the strongest signal from the fibrils which are parallel to the axis of the 
sample. The orientation of the TOFC within the matrix was found to be random 
(Paper IV) thus Raman spectroscopy could be applied in studying the stress 
transfer. Typical deformation induced shift of the Raman band located at ~ 1095 
cm-1 is shown in Fig. 18. 
 
 
Figure 18. Typical deformation induced shift of the Raman band from cellulose located at ~ 
1095 cm-1 for a composite with 30 wt% load of TOFC (Paper IV). 
 
The Raman band shifted towards a lower wavenumber by 0.6 cm-1 upon 5.5 % 
strain in the composite with 30 wt% load of TOFC. The shift itself represents 
molecular deformations of the cellulose molecule and the gradient of the fitted 
curve (Fig. 19) shows shifting rate which is directly related to stress transfer within 
the composite. Fig. 19 shows the Raman band shift with respect to strain at 
different weight fractions of TOFC. 
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Figure 19. Shifts in the peak position of the Raman band located at ~1095cm-1 for 
TOFC/PLA composites with different weight fractions of TOFC: a) 15 % b) 20 % c) 25 % 
d) 30 % as a function of strain (unfilled symbols) compared with data obtained from pure 
acetylated TOFC films (filled triangles). Data are fitted (up to a strain of 0.9%) using a 
quadratic equation (solid lines) and the slopes determined from the first derivative of this 
fit solved at a strain = 0.3 % (Paper IV). 
 
The shift rate increases from 0.29 cm-1/% to 0.34 cm-1/% with respect to the weight 
fraction (from 15 to 30 %) of TOFC. The strain-to-failure of the composites with 
15 and 30 wt% loads of TOFC (even if not all specimens were deformed to 
fracture) is significantly higher compared to the other composites and the pure 
cellulose film. This implies different deformation mechanisms. The shifts in 
composites with 15 and 30 wt% loads plateau at strains over ~ 1% thus indicating 
debonding between matrix and fibrils which effectively hinders the stress transfer 
from matrix to nanocellulose fibril. Higher strains to failure could be attributed to 
frictional sliding. The shift rate, shown as the gradient of the initial linear portion 
of the stress-strain curve (Fig. 19), in composites with lower weight fractions (15, 
20 %) is significantly lower than the shift rate in the pure TOFC film, nevertheless, 
it gradually converges at 25 and 30 wt% loads, suggesting a network dominated 
37 
 
stress transfer mechanisms (i.e. fibre-fibre interactions and uniform strain). This 
type of dense network is expected to show “Cox-like” uniform strain behaviour 
(Cox 1952) within themselves similar to a “composite within a composite” 
(I'Anson and Sampson 2007).  The lower shift rate in composites with 15 and 20 
wt% loads of TOFC indicates poor stress transfer to the fibrils. This implies that 
the percolation threshold was not met at the aforementioned loads of TOFC. It has 
been reported previously that the Raman band at ~ 1095 cm-1 shifts at rate of -2.4 
cm-1/% with respect to strain in tunicate cellulose/ epoxy composites (Sturcova 
2005).  This is substantially higher than the shift rate reported herein. The stress 
transfer could have been affected by the aggregation of nanocellulose (i.e. 
reduction in the aspect ratio) fibrils within non-polar media due to insufficient 
surface esterification or possibly due to lower crystallinity of acetylated TOFC 
compared to tunicate.  
The Raman band shifts with respect to strain exhibit similar trends as the 
representative stress-strain curves of the same composites show (Fig. 20). 
 
 
Figure 20. Representative stress-strain curves of acetylated TOFC reinforced PLA 
composites with 15, 20, 25 and 30 wt% loads of the TOFC (adapted from Paper V). 
 
The composite containing 15 wt% load of TOFC had the lowest stiffness, which 
gradually increased upon the further addition of TOFC. The strain-to-failure was 
also higher for the composites with 15 and 30 wt% loads of TOFC (Fig. 20) as can 
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be also seen in Fig.19. This indicates that the Raman band shift clearly correlates 
with the mechanical properties of the composites. 
The trend in shifting rates with respect to stress (Paper IV) was slightly different 
to the ones seen with respect to strain. The shift rate at lower weight fractions (15, 
20, 25 %) virtually converged with the shifts in the pure cellulose film. The 30 
wt% load composite exhibited different behaviour which was suggested by the 
higher shifting rate (27.9 cm-1/GPa) compared to that of the pure cellulose film 
(16.6 cm-1/GPa)  (Paper IV). This supports the notion of good stress transfer 
through fibre-fibre and fibre-matrix interactions at 30 wt% load of TOFC 
compared to the other composites.  
 
4.6 Structure of TOFC reinforced PLA and the effect of humidity on 
the mechanical properties 
 
An investigation of the mechanical behaviour of composite films at elevated 
temperatures is important since thermoplastics are known for their poor 
performance at higher temperatures, especially over the Tg. An increase in storage 
modulus upon the addition of TOFC was observed using DMTA (Fig. 21). 
 
 
Figure 21. Dependency of the storage modulus of the composites, with 15, 20, 25 and 30 
wt% loads of TOFC, on temperature (Paper V). 
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An increase in storage modulus correlated with the weight fraction of TOFC in the 
PLA matrix. The Tg, indicated by the abrupt drop in the storage modulus of PLA, 
was around 40 ºC whereas the composites mechanical properties remained virtually 
unchanged up to 60 ºC. However, the behaviour of PLA could also have been 
affected by residual solvent, inclusions, processing method or other side effects, 
thereby decreasing the softening temperature. Composites with 15 wt % load 
exhibited different mechanical behaviour compared to the other composites. 
Although the composite with 30 wt% load of TOFC had the highest modulus at 20 
ºC it showed a higher decrease in the storage modulus at Tg compared to the 25 
wt% load composite. This suggests higher chain mobility in composites with 30 
wt% load, in turn implying a change in the prevailing interaction i.e. from fibril-
matrix to fibril-fibril. Analogous findings were presented in Paper IV. Similar 
trends in the thermal-mechanical properties of cellulose reinforced composites 
have been reported previously (Suryanegara 2010; Suryanegara et al. 2009; 
Tingaut et al. 2010; Mathew et al 2005; Huda et al. 2005; Huda et al. 2006), 
however the crystallization behaviour observed in the present study was different. 
Crystallization from a TOFC dispersion in PLA dissolved in chloroform was more 
pronounced than crystallization from the melt. This implies that alignment of 
polymer chains was hindered by the dense TOFC network. Although the composite 
with 15 wt% load exhibited cold crystallization which suggests that some polymer 
chains were able to align indicating that, probably, the percolation threshold is over 
15 wt%. In fact, the highest crystallinity is achieved at 25 wt% load in both cases 
and  decreases  at  30  wt%  load  (Paper V). This corresponds to the notion of 
network formation at 30 wt % load as was mentioned in Paper IV. The greater 
crystallization from the dispersion could plausibly be attributed to lower viscosity 
and longer crystallization time compared to crystallization from the melt. It is 
worth noting that DSC cannot be directly compared to DMTA due to the different 
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natures of the techniques (Brown 2001). DSC is more suitable for evaluating Tg 
since it allows for the elimination of the effects of residual solvent, thermal history 
and other side effects on the structure of a polymer. Using DSC, it was found that 
Tg increased by approx. 8 % upon the addition of 25 wt% of TOFC. It can be seen 
in Fig.22 that composite with 15 wt% of TOFC had lower Tg compared to the pure 
PLA, most probably due to the absence of a network as has been mentioned. 
 
 
Figure 22. DSC thermogram: 3rd stage - heating up to 200 ºC at 10 ºC/min of PLA film and 
TOFC/PLA composites with 15, 20, 25 and 30 wt% loads of TOFC (Paper V). 
 
Since cellulose is hydrophilic it is important to study how the addition of TOFC 
affects the mechanical behaviour of the composite in humid environment. The 
storage modulus at ~ 0 % RH was proportional to the weight fraction of TOFC 
(Fig. 23). 
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Figure 23. Variation of the storage modulus of the composites with 15, 20, 25 and 30 wt% 
load of TOFC as well as of pure PLA and TOFC with respect to RH. The RH was cycled 
between 0 and 90 % at constant 30 ºC temperature (Paper V) 
 
The differences in the storage modulus diminished at 90 % RH. The pure TOFC 
film exhibited the greatest decline due to the well-known lubrication effect of 
water. For the same reason the storage modulus of the composite with 30 wt% load 
of TOFC exhibited slightly slower values than the composite with 25 wt% load. 
Nevertheless, the storage modulus recovered to values which are higher than the 
initial ones after one humidity cycle. This could result from the alignment of the 
nanofibrils in the moist environment (Peresin et al. 2010). Water facilitates 
slippage between fibrils without breakage since it forms hydrogen bonds with the 
cellulose. When water evaporates inter- and intra-fibrilar hydrogen bonds are 
recovered providing superior storage modulus.  
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5 CONCLUSIONS 
 
The preparation method of the composite films plays a significant role in the 
mechanical behaviour of final material. Viscosity is an important factor affecting 
the dispersion and aggregation of cellulose nanofibrils. The effect of degassing is 
also closely related to viscosity, as removal of air at higher viscosities is limited. 
Thus the optimal parameters have to be chosen, depending on the weight fraction 
and morphology of the cellulose, to achieve the desired composite characteristics.  
The deformation mechanisms in composites with low weight fractions of 
nanocellulose (< 10 wt%) are essentially different to the ones at higher weight 
fractions. Crazing, which is also DS dependent, is induced in MFC reinforced PLA 
composites leading to high strains-to-failure. A composite with 10 wt% load of 
MFC having a DS of 0.43 was toughened and strengthened suggesting a plausible 
practical implementation of these materials in the future. TOFC triggered crazing 
in a PLA matrix at lower weight fraction (1 wt%) compared to MFC, probably due 
to the higher surface area of TOFC. Crazing and consequently high strains-to-
failure and toughness, could be result of several factors: i) fibril-fibril and fibril-
matrix slippage; ii) introduced stiffness heterogeneity upon the addition of 
nanocellulose fibrils and iii) the introduction of voids, which act as non-bonded 
particles within the composite. Raman imaging was found to be a useful tool in 
studying the dispersion of cellulosic materials within a polymer matrix. Raman 
spectroscopy has shown that the percolation threshold of TOFC reinforced PLA 
composites is high and that network dominated deformation mechanisms take place 
at ~ 30 wt% load of TOFC. The thermal stability as well as the mechanical 
properties of the PLA matrix were significantly improved upon the addition of 
TOFC at 15, 20, 25 and 30 wt%. The properties of composites were also improved 
in humid environments.  
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Further studies in this field could concentrate on the effect of DS on the stress 
transfer mechanism in these composites as well as the effect of cellulose raw 
material on stress transfer and the toughening effect on polymer matrices. 
Additionally, the crystallization behaviour could be investigated with respect to 
DS, as it affects the surface energy of nanocellulose. 
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